N itric oxide plays an important role in protecting the heart against ischemic injury. S-nitrosoglutathione (GSNO), a nitric oxide (·NO) donor, improves functional recovery after ischemia, which is associated with increased cGMP. 1 Chronic hypoxia from birth in a neonatal rabbit model increases recovery of postischemic left ventricular developed pressure (LVDP) compared with recovery in normoxic hearts. 2 It is important to note that nitric oxide synthase (NOS) inhibitors, N -nitro-Larginine methyl ester (L-NAME) and N G -methyl-L-arginine (L-NMA), decrease functional recovery of postischemic LVDP in hypoxic hearts after ischemia but do not decrease recovery in normoxic hearts. 2, 3 These findings suggest that chronic hypoxia may alter the function of endothelial nitric oxide synthase (eNOS), the most abundant NOS isozyme in the rabbit heart, to increase cardioprotection. 2 An increase in the association of heat shock protein 90 (hsp90) with eNOS increases production and activity of ·NO in response to growth factor stimulation. 4 Disruption of this protein-protein interaction decreases ·NO and blocks vasodilation in response to agonists. 4 -7 Geldanamycin (GA), which inhibits conformational changes in hsp90 8 and increases oxidative stress by redox cycling, 9 has been shown to decrease ·NO and increase L-NAME-inhibitable superoxide generation in endothelial cells. 6 The role of hsp90 in modulating eNOS function in the heart has not been determined.
In the present study, we examine the role of hsp90 in modulating functional recovery of isolated hearts subjected to global ischemia. Using Western blot analysis, we determined how much hsp90 is associated with eNOS and the extent to which the enzyme is activated based on phosphorylation of eNOS at serine 1177. 10 The levels of superoxide from eNOS in the heart were assessed using NOS inhibitors and hydroethidine (HEt), an oxidant-sensitive fluorescent probe. Al-though ·NO may play an important role in protection, the results of the present study suggest that one of the mechanisms by which hsp90 may protect the heart is by limiting superoxide generation from eNOS.
Materials and Methods

Animals
Animals used in this study received humane care in compliance with the Guide for the Care and Use of Laboratory Animals, by the National Research Council.
Creation of Hypoxia From Birth
Neonatal New Zealand White rabbits were obtained from New Franken Research Rabbits (New Franken, Wis) and were conditioned in normoxic and hypoxic environments as previously described. 2 Details of conditions are presented in an expanded Materials and Methods section, which can be found in the online data supplement available at http://www.circresaha.org.
Perfusion Studies
The protocol for perfusing isolated hearts with GA and subsequent ischemia is described in Figure 1 . The protocol for perfusing isolated hearts with HEt and eNOS inhibitors is described in Figure 2 . The hearts were perfused at 39°C in the Langendorff mode 11 at a perfusion pressure equivalent to 45 mm Hg. 12 The heart and perfusion fluids were immersed in nongassed physiological saline solution within temperature-controlled chambers to maintain the myocardium at 39°C, which is normothermic for rabbit. 
Assessment of Ventricular Function
Left ventricular function was monitored continuously throughout each experiment as previously described. 13 
Tissue Sample Preparation
Hearts from normoxic and chronically hypoxic neonatal rabbits were isolated and perfused with aerobic bicarbonate buffer for 30 minutes at constant pressure. The free wall of the left ventricle was excised and immediately freeze-clamped between stainless steel tongs precooled with liquid nitrogen. Frozen myocardial tissue samples were powdered in a precooled stainless steel mortar and pestle. The powdered tissue was transferred to a dounce homogenizer with a Teflon pestle and homogenized in modified RIPA buffer (20 mmol/L Tris-HCl, pH7.4, 2.5 mmol/L EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 100 mmol/L NaCl, 10 mmol/L NaF, 1 mmol/L Na 3 VO 4 , 1 mmol/L Pefabloc, 10 g/mL aprotinin, 10 g/mL leupeptin, 10 g/mL pepstatin A) on ice for 50 stokes. Nuclei and cellular debris were removed by centrifugation (14000gϫ10 min). The supernatant was transferred to a cold microcentrifuge tube and protein concentrations determined by BCA protein assay (Pierce).
Immunoprecipitation and Western Analysis
Immunoprecipitation and Western analysis protocols were similar to the protocols in a previous report. 2, 6 Experimental details for the protocols are provided in the online data supplement.
Detection of Superoxide Anion Generation in Isolated Hearts
The protocol for perfusion of hearts with HEt (10 mol/L) and eNOS inhibitors, L-NAME (200 and 400 mol/L), is shown in Figure 2 . At the end of the perfusion, hearts were frozen in OCT 4583 and sectioned. Ten micron frozen sections were cut and thaw-mounted on slides. A coverslip was applied to the sections on the slides and images were obtained with a Nikon E600 microscope equipped with epifluorescence (Ex 488 nm, Em 610 nm) and a digital camera. The fluorescent intensity of nuclei in 40 cells from each animal was measured, corrected for background fluorescence in nonnuclear regions using MetaMorph software, and expressed as meanϮSD arbitrary units of fluorescence.
Results
Effects of Geldanamycin and GSNO on Functional Recovery
Chronic hypoxia increased postischemic LVDP compared with that obtained in normoxic hearts (PϽ0.01, nϭ8). Geldanamycin decreased functional recovery of LVDP in normoxic and chronically hypoxic hearts by approximately the same degree (PϽ0.01, nϭ7 to 9 per group) ( Figure 3) . GSNO restored functional recovery in GA-treated normoxic and hypoxic hearts treated with GA to levels that were indistinguishable from initial baseline values. To control for the possibility that GSNO-dependent increases in recovery of postischemic LVDP in the GA-treated hearts were due to Experimental protocol used to determine the effects of chronic hypoxia on reactive oxygen species generation in the myocardium of hearts. Isolated hearts from normoxic and hypoxic rabbits were perfused with hydroethidine (HEt, 10 mol/L) and/or L-NAME (400 mol/L) at the times indicated.
perfusion alone, a third group was perfused for the same period of time as the GSNO group with GSNO-free bicarbonate buffer. Perfusion with bicarbonate buffer alone, after perfusion with GA, did not affect recovery of LVDP. The observation that GSNO increased LVDP to baseline levels for both normoxic and hypoxic hearts perfused with GA suggests that regardless of the mechanism by which GA increases susceptibility to ischemia, ·NO from GSNO is sufficient to restore LVDP to baseline values. These data are consistent with the fact that GA shifts the balance of ·NO and superoxide from ·NO toward superoxide anion. 6 These data confirm that shifting the balance of ·NO and superoxide toward superoxide increases susceptibility to ischemic injury and that restoring ·NO increases resistance to ischemia as proposed earlier. 2, 14 
Effects of Chronic Hypoxia on the Activation State of eNOS
Previous studies showed that chronic hypoxia increased eNOS activity but not message levels. 2 In the present study, we find by Western analysis that chronic hypoxia increased eNOS levels in heart homogenates by 2.1Ϯ0.6-fold (PϽ0.05, nϭ6) ( Figure 4A , first panel). As phosphorylation of eNOS at S1177 indicates the degree of electron flow through eNOS, we next measured phospho-eNOS (S1177) using a sitespecific antibody. 6, 10, 15 The second panel of Figure 4A shows that chronic hypoxia decreased eNOS phosphorylation (S1177) compared with normoxic hearts (Ϫ4.5Ϯ1.6-fold, PϽ0.05, nϭ3). At first glance, these data seem to suggest that eNOS in hypoxic hearts might produce less ·NO than eNOS in normoxic hearts, which does not agree with previous findings. 2 Because hsp90 increases ·NO generation from eNOS 10, 15 and decreases superoxide from neuronal NOS (nNOS), 16, 17 we next determined the extent to which hsp90 was associated with eNOS in normoxic and chronically hypoxic hearts. Chronic hypoxia increased the association of hsp90 with eNOS compared with normoxic hearts more than 3-fold (3.1Ϯ0.7-fold, PϽ0.02, nϭ6) ( Figure 4A , fourth panel). These data demonstrate how important hsp90 is to coupling eNOS activity to L-arginine metabolism for the efficient generation of ·NO. 4, 6 Although phospho-eNOS (S1177) may be important for increasing electron flow through the enzyme, increasing the association of hsp90 with eNOS appears to be sufficient to allow chronically hypoxic hearts to generate Ϸ2 times more ·NO than normoxic hearts. 2 To determine if the increase in association of hsp90 with eNOS is due to a change in hsp90 content, Western analysis of hsp90 in total heart homogenates was performed. Figure 4B shows that chronic hypoxia does not appreciably change the total content of hsp90 in the heart. Taken together, these data support the notion that the association of hsp90 plays an important role in helping eNOS generate ·NO, which protects against ischemic injury.
When the phosphorylation state of eNOS was examined with a general anti-phosphoserine antibody, we found that chronic hypoxia increased immunodetectable levels of phosphoserine on eNOS nearly 3-to 4-fold compared with that found in normoxic hearts (PϽ0.05, nϭ3; Figure 4A , third panel). As a first step in determining which site(s) on eNOS in rabbits could account for the increase in phosphoserine, we measured by Western analysis phospho-eNOS levels at S116 and T495 that have been reported to mediate eNOS function in other species. 18 -20 Unfortunately, the commercially available antibodies did not detect bands of phosphorylation on eNOS from rabbits as they did for eNOS from bovine endothelial cells ( Figure 5 ). The reasons for such differences in detection are unclear at this time but may be because the antibodies were raised in rabbits and/or because the antibodies were against phosphorylation sites in human eNOS, whose amino acid sequence may be different from the sequence for rabbit eNOS.
Effects of Chronic Hypoxia on Akt/Protein Kinase B
Within the signaling cascade for regulation of eNOS, Akt/ protein kinase B is located immediately upstream. 15, 21, 22 On the basis of the data shown in Figure 4A (second panel), we predicted that chronic hypoxia may have altered signaling events leading to decreased phosphorylation of eNOS at S1177. Western analysis of Akt and phospho-Akt in lysates of heart homogenates revealed that chronic hypoxia dramatically decreased total Akt and phospho-Akt in hearts by 4-and 5-fold, respectively ( Figure 6A ). Because hsp90 did not change with chronic hypoxia, we performed Westerns for hsp90 and phospho-Akt on the same blot to control for loading. Figure 6B confirms findings in Figure 4B that hypoxia has little effect on hsp90 levels and shows that hypoxia seems to specifically decrease phospho-Akt levels, not induce generalized decreases in protein expression. These findings are consistent with the observation that chronic hypoxia decreased phosphorylation of eNOS at S1177. Furthermore, these data suggest that phosphorylation of other residues may regulate eNOS activity. However, using sitespecific antibodies against phospho-eNOS (S116) and phospho-eNOS (T495) (human), we were unable to detect similar site-specific phosphorylation of rabbit eNOS, although phosphorylation of bovine eNOS at these sites was clearly evident ( Figure 5 ).
Effects of Chronic Hypoxia on Uncoupled eNOS Activity
Based on the fact that phospho-eNOS (S1177) is a highly conserved site that directly correlates with electron flow through the enzyme, 10 that phosphoserine levels on eNOS have been shown to correlate directly with ·NO generation, 23 and that increased levels of hsp90 association limit superoxide anion generation from NOS, 6,16,17,24 -27 we hypothesize that eNOS in chronically hypoxic hearts might be coupled Figure 7 . Effects of chronic hypoxia on Et staining in isolated perfused hearts: an index of superoxide anion generation. A, These images show the Et staining in the nuclei of normoxic and hypoxic hearts in the presence and absence of L-NAME. B, This bar graph shows the mean fluorescent intensity of Et staining in the nuclei of the myocardium in normoxic hearts and chronically hypoxic hearts after correction for nonnuclear fluorescence. These data reveal that in normoxic hearts, eNOS generates nearly 3 times more reactive oxygen products that increase Et staining than it does in hypoxic hearts. **PϽ0.01. Western analysis for phosphorylation of eNOS. This composite Western of eNOS phosphorylation shows that sitespecific antibodies against eNOS at S116 (human) and T495 (human) do not detect bands of phosphorylation on eNOS immunoprecipitated from normoxic and hypoxic rabbit hearts as it does for eNOS immunoprecipitated from cultured bovine aortic endothelial cells. H indicates hypoxic hearts; N, normoxic hearts; and BAEC, bovine aortic endothelial cells. Figure 6 . Effects of chronic hypoxia on Akt. A, This Western shows that chronic hypoxia decreases total Akt and phosphoAkt in neonatal rabbit hearts compared with levels in normoxic hearts. B, Western analysis for total hsp90 and phospho-Akt in normoxic and chronic hypoxic hearts. These blots show that chronic hypoxia had no effect on total hsp90 content but dramatically decreased phospho-Akt levels. H indicates hypoxic hearts; N, normoxic hearts. more efficiently to L-arginine metabolism than eNOS from normoxic hearts. To test this notion, we measured superoxide-dependent conversion of HEt to Et based on a previous report 25 in perfused normoxic and hypoxic hearts. Figure 7A shows that Et staining in normoxic hearts is significantly greater than staining in chronically hypoxic hearts. When the hearts were perfused with L-NAME (which blocks ·NO and superoxide anion production by eNOS 6 ) Et staining was reduced to levels seen in hypoxic control hearts. L-NAME also reduced Et staining in chronically hypoxic hearts, albeit to a much smaller extent. When normoxic hearts were perfused with L-NMA, which inhibits ·NO but not superoxide generation from eNOS, 28 Et fluorescence increased markedly (data not shown). These reciprocal differences in the effects of the NOS inhibitors on Et staining in isolated perfused hearts are consistent with the fact that L-NAME blocks superoxide anion from eNOS, whereas L-NMA does not. 28 Image analysis and calculation of relative fluorescent intensities reveals that isolated perfused normoxic hearts generate nearly 3 times more superoxide by an L-NAME-inhibitable mechanism than chronically hypoxic hearts ( Figure 7B) . A marked increase in eNOS-dependent Et staining in normoxic hearts is consistent with the finding that phospho-eNOS (S1177) is high in normoxic hearts and with the finding that less hsp90 is associated with eNOS in normoxic hearts compared with hypoxic hearts. It is interesting to note that the low levels of L-NAME-inhibitable Et staining in the hypoxic hearts inversely correlated with an increase in general phosphoserine levels on eNOS ( Figure  4A , third panel). These findings are consistent with our previous report that chronic hypoxia in neonatal rabbits maximally increases ·NO activity. 2 
Discussion
In this study, we show that geldanamycin (GA) decreases functional recovery of normoxic hearts and inhibits the beneficial effects of chronic hypoxia. Furthermore, we show that the deleterious effects of GA can be reversed by administration of ·NO. As chronic hypoxia increases resistance to ischemia by an L-NAME-inhibitable mechanism, 2,14 our findings suggest that hsp90 and an unidentified phosphoserine site on rabbit eNOS, likely different than S1177, act in concert to increase ·NO production and activity, as suggested in work by others. 4, 23 These data suggest that the beneficial effects of chronic hypoxia are more closely related to how much hsp90 associates with eNOS than the magnitude of phosphorylation of eNOS at S1177 alone. 6 The observations that normoxic hearts contain nearly 5 times more phosphoeNOS (S1177) and generate 3 times more eNOS-dependent superoxide, however, are consistent with the fact that phosphorylation of eNOS at S1177 increases electron flow through the enzyme. 10 The relative changes in Et staining in these studies were seen predominantly in the myocytes, consistent with the observations that myocytes representing the majority of heart mass exhibit a diffuse pattern of staining for eNOS that colocalizes with caveolin-3 only at the sarcolemma and t-tubules. 29 On the basis of these observations, we conclude that that hsp90 plays an important role in increasing coupled eNOS activity, which not only increases ·NO production but also preserves ·NO biological activity. 6, 16, 17, 27 Finally, our studies provide new insight into the cellular mechanisms by which adaptation to chronic hypoxia enhances coupled eNOS activity to increase cardioprotection.
Basic science studies using a variety of animal models clearly indicate ·NO plays a central role in cardioprotection. Ischemic preconditioning in rat, 30 canine, 31 and rabbit 32 protects hearts against ischemic reperfusion injury by increasing iNOS. Chronic hypoxia in the rat increases resistance to ischemia in isolated hearts. 33 Chronic hypoxia from birth in rabbits also confers resistance to ischemia. 12, 13 Subsequent studies revealed that resistance was due to increased endogenous ·NO production and activity 2, 3 and that eNOS, the most abundant transcript for the NOS isozyme family, was unaltered by chronic hypoxia. 3 Such findings indicated that adaptation to chronic hypoxia increases eNOS activity, but not necessarily eNOS mRNA expression to increase resistance to ischemia. 3 Although the primary purpose of the study was to determine the mechanisms by which chronic hypoxia enhances eNOS activity to increase cardioprotection, a few words about how GA decreases cardioprotection are in order. GA is a well-recognized inhibitor of hsp90. 8 It also contains a semiquinone structure and is thus capable of redox cycling. 9 Accordingly, GA may inhibit functional recovery of isolated hearts by two mechanisms: decreasing ·NO generation via altering hsp90 interactions with eNOS 6 or decreasing ·NO activity via reaction with superoxide. 9 In additional studies, we found that GA decreased nitrite production by isolated hearts by more than half (1.69Ϯ0.68 versus 0.77Ϯ0.14 nmol/g per mL; PϽ0.05, nϭ6). In the studies shown in Figure 3 , we see that GSNO restores functional recovery of GA-treated hearts to essentially baseline levels. If GA inhibited recovery solely by generating superoxide, then a decrease in nitrite production should not have occurred. If superoxide generated via redox cycling played a major role in decreasing cardioprotection, then GSNO should not have restored recovery of GA-treated hearts to baseline values.
Lucigenin and adriamycin are two well-recognized redox cycling agents that generate superoxide by interacting directly with the reductase domain of eNOS. 34, 35 It is important to note that L-NAME does not block superoxide from eNOS when these agents are present. 34, 35 The reason is that L-NAME is a substrate analogue inhibitor that only blocks eNOS activity at the arginine oxygenase domain, not the reductase domain. 34, 35 With this information in mind, we perfused normoxic and hypoxic hearts with GA and HEt and then analyzed sections for relative levels of Et staining. We found that GA increased Et staining by 45Ϯ5.7% (nϭ3) in normoxic hearts and 85Ϯ14% (nϭ3) in hypoxic hearts, which L-NAME blocked as it did earlier.
On the basis that L-NAME is domain specific with respect to inhibiting eNOS-dependent superoxide generation, we conclude that GA increases superoxide anion generation, in a large part, from the arginine oxygenase domain. These findings are consistent with our previous report showing that L-NAME blocked Ϸ50% of the increase in superoxide generation in A23187-stimulated, GA-treated endothelial cell cultures, 6 reports showing that hsp90 increases eNOS gener-ation of ·NO, 4, 5, 36, 37 and the report showing that hypoxic hearts contain higher levels of eNOS activity and ·NO biological activity than normoxic hearts. 2 Taken together, these data and reports indicate that although GA can redox cycle to generate superoxide, its ability to inhibit hsp90 plays a major role in the mechanisms by which it decreases cardioprotection in isolated hearts.
To determine how chronic hypoxic increases eNOS activity, we examined the activation state of eNOS. Antibodies against sites of phosphorylation on human eNOS were obtained from commercial sources and used to examine the phosphorylation state of rabbit eNOS. On the basis that chronic hypoxia increases eNOS activity nearly 2-fold, 2 we expected to see a corresponding increase in phospho-eNOS (S1177) levels. Instead, the levels of phospho-eNOS at S1177 were decreased in chronically hypoxic hearts compared with normoxic controls. Further analysis using antibodies to the other phosphorylation sites on rabbit eNOS were unsuccessful, in that clear bands were not detected in samples from rabbits although bands could easily be detected in samples from bovine endothelial cells. The reason for this is unclear at this time. Sequence differences among species or the fact that the antibodies were raised in rabbits are possible explanations. As the antibodies were designed to be site-specific for human sequences, small differences in the amino acid sequence in rabbit eNOS may have been sufficient to prevent detection.
The association of hsp90 with eNOS is a universal mechanism among species for increasing ·NO generation. To date, this protein interaction has been observed in human, rodent, murine, canine, bovine, and ovine endothelial cells and cardiovascular tissues. The importance of this interaction to endothelial biology was recently confirmed by studies showing that hsp90 increased the efficiency of Akt-dependent phosphorylation of eNOS and that specific domains of hsp90 were responsible for delivering and directing Akt to S1179 on bovine eNOS. 38 In light of this information, the lower levels of Akt in homogenates of chronically hypoxic hearts provide a plausible explanation for the low levels of phospho-eNOS (S1177) on eNOS in chronically hypoxic hearts but not the more than 2-fold increase in eNOS activity we reported previously. 2 If one accepts that fact that the association of hsp90 increases eNOS generation of ·NO, then our findings suggest that hsp90 may be more important for increasing eNOS production of ·NO, as well as preserving the biological activity of ·NO, than increasing phospho-eNOS (S1177) levels alone. To determine if the increase in phospho-eNOS (S1177) observed in normoxic hearts still correlated with increased eNOS activity, superoxide, the product of uncoupled eNOS activity was measured. We found that eNOSdependent Et staining was 3 times greater in normoxic hearts than in hypoxic hearts. Such data also support the idea that phospho-eNOS (S1177) directly correlates with electron flux through eNOS. 10 In the case of the normoxic hearts, however, this increased electron flux was weakly coupled to L-arginine metabolism, resulting in superoxide rather than ·NO generation. In contrast, an increase in general phosphoserine levels on eNOS in hypoxic hearts relative to those in normoxic hearts suggests that other sites of phosphorylation on eNOS also might influence enzyme function and, ultimately, cardioprotection. Future studies aimed at obtaining the full sequence for eNOS will be required to delineate mechanisms by which hsp90 interacts with eNOS in this species.
The possibility that direct protein interactions between hsp90 and eNOS preserves coupled enzyme activity is supported by recent findings by Song et al. 16, 17 Using purified recombinant nNOS and hsp90 and spin-trapping with electron spin resonance to quantify ·NO production, Xia and associates 16, 17 showed that activation of nNOS in the presence of hsp90 increased ·NO generation. In subsequent studies, they found that hsp90 also inhibited superoxide from nNOS and that this effect was more pronounced at lower L-arginine concentrations than at higher concentrations when hsp90 was present. 27 Another mechanism by which hsp90 might modulate eNOS function is by protecting sites of phosphorylation of eNOS. Using Western analysis, Granger and associates 23 found that VEGF increased phosphoserine residues on eNOS by a protein kinase C (PKC)-dependent mechanism that directly correlated with increased ·NO production and activity. This finding is consistent with those of Ping et al 39 using PKC⑀-GST-fusion proteins to demonstrate direct interactions between PKC⑀ and eNOS. In the present study, using immunoprecipitation of eNOS and Western analysis, we find that chronic hypoxia markedly increased phosphoserine residues on eNOS even though phospho-eNOS (S1177) decreased. The decrease in phospho-eNOS (S1177) is supported by a marked reduction in total Akt and phospho-Akt, an immediate upstream kinase, 15, 21, 22 in hypoxic hearts. Our finding that chronic hypoxia increased phosphoserine residues on eNOS is consistent with reports that an increase in phosphoserine increases eNOS activity. 40 -42 These observations reveal how important it is for hsp90 to associate with eNOS when phospho-eNOS (S1177) levels are increased. Failure to increase hsp90 interactions with eNOS results in an inefficient coupling of enzyme activity to L-arginine metabolism and in an increase in eNOS-dependent superoxide generation. Our findings show that chronic hypoxia from birth increases cardioprotection of isolated hearts by increasing the association of hsp90 with eNOS. This critical protein interaction helps to couple eNOS activity to L-arginine metabolism and to limit superoxide anion generation. Such changes in radical species generation by eNOS increase ·NO production and help preserve ·NO activity in the heart, which increases resistance to ischemic reperfusion injury.
